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ABSTRACT 
 
 
 An energy-efficient semiconductor laser is of great interest for the massive data 
transmission demands in cloud computing servers and supercomputing technologies.  
Currently, commercial vertical-cavity surface-emitting diode lasers (VCSELs) have 
achieved a data transmission rate of 25 Gbit/s per channel. However, the VCSEL 
bandwidth is limited by the slow recombination lifetime in the active region, which is the 
major challenge to transmitting at a data rate greater than 60 Gbit/s for a single VCSEL.  
To push the modulation speed, Purcell enhancement in the small volume and high 
Q cavity can be applied in microcavity VCSELs, enhancing the spontaneous 
recombination rate. In the first part of the dissertation we demonstrate that the 
microcavity VCSEL has a reduced recombination rate of 0.5 ns when the aperture size is 
less than 3 μm. With improved RF layout design and fabrication, we demonstrate a 
microcavity laser operating error-free at 40 Gbit/s.  
In the second part of the dissertation, we demonstrate the first vertical cavity 
transistor laser (VCTL) operation.  Due to the dynamic charge transport in the active 
region, the transistor laser can achieve shorter carrier lifetime (~ 29 ps), making it 
especially suitable for high-speed lasers. We discuss the VCTL material and layout 
design, including how to reduce the parasitics via layout and process development. With 
three design iterations, we achieve a highly efficient VCTL.  
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1. INTRODUCTION  
Recombination in the semiconductor is the key process in both transistor and 
semiconductor diode laser operation. The base recombination current injection between 
emitter and collector led Bardeen and Brattain to discover the first point-contact transistor 
in 1948.
1
 Over six decades, the transistor has been continuously scaled down both 
vertically and laterally to achieve high speed applications. On the other hand, the 
radiative recombination confined in a semiconductor resonant cavity also realizes the 
semiconductor diode laser, which was first invented by Hall at 840nm emission
2
 and 
Holonyak at 710nm emission in 1962.
3
 Since then, the double heterojunction structure,
4,5
 
quantum-well (QW) in the active region,
6,7
 impurity disorder, and the oxidation 
confinement,
8-10
 were invented to allow diode lasers to operate at room temperature with 
high-power output. Those important inventions have also made surface-emitting vertical-
cavity diode laser (VCSEL) superior in terms of compact geometries, current thresholds, 
and modulation bandwidth, as compared with edge-emitting laser. The up-to-date single-
mode vertical microcavity surface-emitting lasers have been demonstrated having a 
current threshold of 0.13mA and a 3dB direct modulation bandwidth of 15.8GHz.
11
  In 
2004, the observation of light emission from direct band-gap base indicated that a 
heterojunction bipolar transistor could be a good light-emitting source.
12
 By inserting 
QWs in the base region and confining the recombination radiation in the cleaved optical 
cavity, the novel four-terminal transistor laser (three electrical ports and one optical port) 
was demonstrated.
13,14
 The device operates as a transistor and a laser having electrical 
and optical outputs simultaneously. Following the footprint of the transistor and the diode 
laser, the ultimate transistor laser is expected to operate in surface-emitting configuration 
2 
 
for achieving low power consumption, small parasitics, and high direct modulation 
bandwidth.        
1.1.      Outline of Problem 
Optical transceivers are in strong demand not only in cloud computing servers but 
also for meeting the future supercomputing requirements which are projected to reach 
10
18 
FLOP/s in 2018.
15,16
 The bandwidth of a directly modulated diode laser is limited to 
below 50 Gb/s owing to its slow carrier recombination lifetime (~ 1 ns), large storage 
charge accumulation (~ 10
18
 cm
-3
), and large impedance mismatch under forward bias 
operation. Currently, the optical transceivers operating at > 20Gb/s employ the external 
modulators, which are expensive and consume higher power. Thus, developing high 
speed laser sources is especially important for cost-effective and energy-efficient optical 
transceivers.   
The commercially available 850nm VCSELs have been used for 10 and 20Gb/s data 
transmission with direct modulation. By further pushing the bias current, 850nm VCSELs 
operating at 40Gb/s with I/ITH > 10 have also been demonstrated.
17
 Nevertheless, the 
reliability issues limit the device operation at such high current density. The fundamental 
limit for the optical bandwidth of the VCSELs is the slow recombination lifetime (B > 
0.4 ns). As a result, the frequency response of a VCSEL exhibits a resonant frequency 
with large relaxation oscillation peak under low biasing condition.  The carrier-photon 
relaxation at resonant frequency causes the overshoot effect during data transmission, 
resulting in increasing bit error rate (BER). To further reduce the recombination lifetime, 
Professor Holonyak Jr. and Milton Feng at UIUC invented the three-port laser, called 
transistor laser. Based on the BJT charge control operation and base recombination in 
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quantum wells, it was demonstrated that the radiative recombination lifetime could be 
reduced significantly to 30 ps. In addition, the transistor laser can be modulated from 
reverse-biased base-collector junction for better impedance match in radio frequency. 
Recently, we have demonstrated that the transistor laser can operate as a transistor and a 
laser with simultaneous electrical and optical output modulated at 40 Gb/s.
18
 
 Figure 1.1 illustrates the prediction of data-energy efficiency limits for copper 
interconnects and laser transmitters based on published VCSELs, oxide-confined and 
microcavity VCSELs.
19-30
 The data-energy efficiency is defined as how many binary bits 
can be transmitted when the device consumes one joule. In this prediction, only the 
transmitter power consumption is estimated without considering the driver circuit’s 
power consumption, and also, the copper interconnect loss increases exponentially as 
increasing data rate due to resistance and skin effect. Apparently, copper interconnects 
cannot be used for high speed data transmission. The commercial VCSELs with ITH = 0.2 
mA can transmit at a data rate of 40Gb/s with energy efficiency lower than 5 Tb/J. On the 
other hand, the transistor lasers with the same current threshold can achieve a data rate 
higher than 50 Gb/s with energy efficiency greater than 20 Tb/J. From this prediction, it 
is feasible that transistor lasers are prominent for next generation photonic transmitters as 
long as the threshold current can be improved. In this document, we will discuss the 
development of the microcavity laser and the first vertical cavity transistor laser (VCTL) 
for energy-efficient transmitter.  
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Figure 1.1 Data/Energy efficiency (Tb/J) vs. data rate (Gb/s) for directly modulated laser 
transmitters with published VCSELs
16,19-29
 and copper interconnect (blue dashed line). VCSELs 
with ITH = 0.2 mA (black line) are limited with data rate < 47Gb/s and with data/energy efficiency 
< 5 Tb/s @ 40 Gb/s.  Transistor lasers with ITH = 0.2 mA (red dash line) can achieve data rate > 
50Gb/s to 100 Gb/s with data/energy efficiency > 20 Tb/J.  
  
1.2. Organization of Work 
 
The organization of the thesis is as follows: 
Chapters 2 to 4 present the up-to-date progress on development of microcavity 
lasers and VCTLs. We discuss the process development, device characterizations, and 
model extractions. Through the iterative design from microcavity laser to VCTL, we 
demonstrate the reduced threshold and parasitics of VCTLs toward practical usage.    
In Chapter 2, we demonstrate that the microcavity lasers (aperture < 3 μm) have 
faster recombination lifetime as compared with conventional VCSELs. The decrease in 
recombination lifetime reduces the relaxation oscillation peak of natural frequency 
response. This allows the microcavity lasers to exhibit higher -3-dB bandwidth when 
biased at the same current density. Besides the increase in bandwidth, a smaller aperture 
of a microcavity laser shows a larger side mode suppression ratio (SMSR) because of the 
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larger mode separation. With microwave measurement and model construction, we 
extract the relevant parameters that affect the optical bandwidth of microcavity lasers. 
Based on this model, new design and process have made a 2 μm aperture microcavity 
laser capable of 40 Gb/s operation with energy efficiency of 11.29 Gb/s/mW. 
In Chapter 3, we demonstrate the first surface emission VCTL operation with an 
In0.49Ga0.51P heterojunction bipolar transistor with two InGaAs quantum-wells in the base 
and vertically sandwiched with distributed Bragg reflectors. The transistor’s collector I-V 
characteristics show gain (ΔIC/ΔIB) compression from 0.52 to 0.47 owing to the base 
recombination shifting from spontaneous to stimulated with increasing base current (IB > 
ITH).  The surface emission VCTL threshold current is ITH ~3 mA for a cavity of 9 x 6 
m2 lateral dimensions. We also report the direct voltage modulated operation of a 
vertical cavity transistor laser (VCTL) via intra-cavity coherent signal photon-assisted 
tunneling. The reverse-biased base/collector junction of the transistor laser provides high 
input impedance for effective high speed direct voltage modulation. The optical L-VCE 
characteristics show that the emission intensity saturates and then decreases in laser 
intensity to half amplitude and broadens when VCE is switched from 3 to 6 V owing to 
intra-cavity photon-assisted tunneling at the base/collector junction. Correspondingly, the 
collector IC-VCE characteristics exhibit increased current at higher VCE.   
Finally, we present the selective oxidation confinement of a highly efficient 
VCTL in Chapter 4. Based on the drawbacks we found in the previous VCTL design, we 
introduce trench opening for the lateral oxidation to cut off the recombination beneath the 
emitter metal while maintaining the low external base resistance design. The aluminum 
oxide also provides rigorous optical confinement, resulting in strong stimulated emission 
6 
 
occurs when operating above current threshold.  As compared with the previous device, 
the base current threshold reduces from 3mA to 1.3mA while the optical power increases 
from 5μW to over 200μW, and is comparable with current VCSELs.  
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2. ENERGY-EFFICIENT SINGLE-MODE MICROCAVITY LASER 
The semiconductor diode laser was first demonstrated by Hall and Holonyak in 
1962.
2,3
 Since then, the diode laser current threshold was improved by having double 
heterojunction structure for both carrier and optical field confinement, and room 
temperature operation diode laser was demonstrated at 1970.
4,5
 With the quantum well 
active region demonstrated in 1977,
6,7
 and the invention of the oxidation process in 1990, 
the vertical-cavity surface-emitting lasers (VCSELs) now demonstrate sub-mA current 
thresholds,
19
 a three orders of magnitude current density improvement over five decades. 
Recently, a high speed and low power consuming optical transceiver has been in strong 
demand to meet cloud computing server requirements. Current high speed optical 
transmitters use an external modulator to reach speeds greater than 20Gb/s. However, the 
modulators, either Mach-Zehnder or electroabsorption modulators, require extra power 
consumption while suffering from coupling loss at the same time. The advantages of low-
power operation and high direct modulation speed over traditional edge-emitting diode 
lasers have made VCSELs prominent as transmitters in short distance optical 
interconnections. 
2.1.   Bandwidth Enhancement in Microcavity Laser for Optical Communication 
The modulation speed of a diode laser is fundamentally limited by the slow 
recombination lifetime (B > 0.4 ns) in the active region. Due to the slow recombination, 
the frequency response of the VCSELs exhibits a large relaxation oscillation peak at low 
bias current, resulting in degrading the signal integrity and increasing the bit error rate 
(BER). In this chapter, we demonstrate that the recombination rate can be enhanced by 
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the Purcell effect in the microcavity laser (aperture < 3 um), which can further improve 
the energy efficiency over commercial VCSELs.  
Figure 2.1 (i) shows the schematic of the microcavity laser made at UIUC. The 
VCSEL material structure consists of 34 periods n-GaAs/Al0.12Ga0.88As distributed Bragg 
reflector layers (DBR), an active region with three GaAs quantum wells embedded in 
undoped Al0.3 Ga0.7As separate confinement heterostructure (SCH) layers, an 
Al0.98Ga0.02As oxide aperture layer, and 22 pairs of carbon-doped 
Al0.12Ga0.88As/Al0.9Ga0.1As DBR layers, respectively. The microcavity lasers are 
fabricated by first using SiN hard mask and etching via inductively coupled plasma dry 
etching. The oxide apertures are then formed by wet oxidation in H2O/N2 mixed vapor. In 
this study, the oxidation depth is calibrated, and the aperture size is controlled between 3 
to 7 μm. Standard metallizations for p-type and n-type contacts are evaporated and 
annealed for ohmic contact. After polyimide passivation, via-hole etching, and metal 1 
interconnection, the device fabrication is completed. The schematic Fig. 2.1(ii) indicates 
the possible optical modes that exist inside the microcavity: (a) first-order (fundamental), 
(b) second-order, and (c) third-order mode. The oxide aperture dimensions are denoted as 
dA, and d0, respectively. 
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Figure 2.1 (i) Schematic cross section of UIUC microcavity VCSEL device. (ii) The microcavity 
shows the allowed optical modes: (a) first-order mode, (b) second-order mode, and (c) third-order 
mode.
19 
Due to the strong carrier and photon confinement with large mode spacing in the 
microcavity laser, stimulated emission in the fundamental mode consumes more carriers, 
resulting in a greater portion of carrier recombination taking place in fundamental mode. 
This mechanism acts as a positive feedback to lead more recombination concentrated in 
only fundamental mode.  Shown in Figure 2.2 is the spectral data of microcavity lasers 
with aperture D1, D2, D3, of 2, 2.5, and 3.5μm, respectively.31 With smaller apertures, 
the current threshold reduces from 0.2 to 0.15mA, while the mode spacing increases from 
1nm to 2.22nm. The large mode spacing leads more carrier recombinations to fall into the 
fundamental mode, resulting in a larger side-mode suppression ratio in the smaller 
microcavity laser.     
10 
 
 
Figure 2.2 Relative spectral intensity at fixed bias current I = 0.8 mA for three different 
microcavity VCSEL devices D1, D2 and D3.  The mode spacing and threshold current for each 
device is D1) Δλ = 2.22 nm, ITH = 0.15 mA; D2) Δλ = 1.6 nm, ITH = 0.16 mA; and D3) Δλ = 1 nm, 
ITH = 0.20 mA.
31 
Purcell has predicted that the spontaneous transition rate between two states in a 
small and high Q cavity can be enhanced due to high coherent electromagnetic field.
32
 In 
a microcavity laser, the enhanced spontaneous recombination can also be verified through 
microwave measurement. Figure 2.3 shows the frequency response of 3μm and 7μm 
microcavity lasers under similar bias current density. To compare the device at the same 
current density, the injection current in a 7-µm device is roughly 4 times larger than a 3-
µm device. The –3-dB bandwidth for the 3-µm device is 15.8 GHz at 1 mA with a 
resonance peak of 5.8 dB. Compared with a  3-µm in the microcavity laser, the -3-dB 
bandwidth of the 7-µm device is 12.4 GHz at 4mAwith a much larger resonance peak of 
14.7 dB. The flatter resonance peak for the 3-µm device indicates a smaller 
recombination lifetime.   
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Figure 2.3  Frequency response of dA = 3μm and 7μm microcavity VCSEL devices at various bias 
currents.
31 
 
The measured microcavity laser microwave bandwidth of the optical response is not 
only dependent on the ideal intrinsic device bandwidth but is also influenced by extrinsic 
electrical parasitics. Figure 2.4 shows the cross section of the microcavity device with all 
the extrinsic parasitics.
31
 The intrinsic region is shown in enclosed red-dashed rectangle, 
which consists of forward biased junction resistance Rj and diffusion capacitance Cdiff.  
The rest of the extrinsic parasitics are the capacitance (Cp) and resistance (Rp) from the 
metal contact pads, the DBR mirror resistances (Rs and Rn), the oxide (Cox) and junction 
depletion (Cox) capacitances. From two-port network theory, S11 is fitted by given 
equipment circuit model and extract all the parasitic parameters listed in Table 1.  We 
find that the major contribution to delay in the optical response, thus limiting the 
bandwidth, arises from the junction diffusion capacitance, which is proportional to the 
device aperture area and current density.  
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Figure. 2.4 Schematic of a microcavity laser with the equivalent intrinsic and extrinsic RC 
parameters. 
31 
 
 
Table 1. Parameters for a Small-Signal Model of the Microcavity VCSEL
31 
dA  
(m) 
I 
(mA) 
Cp
 
(fF) 
Rp 
() 
Rn+Rs 
() 
Ca
 
(fF) 
 Cdiff 
(fF) 
Rj 
() 
f-3dB, measured 
(GHz) 
3 0.25 360 4.5 213 54 186 366 4.4 
0.5 360 4.5 190 54 205 213 9.8 
1.0 360 4.5 154 54 253 143 15.8 
7 1.0 330 3 68 57 563 31 1.6 
2.0 330 3 62 57 597 28 6.6 
4.0 330 3 55 57 753 18.5 12.4 
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2.2.   High Energy Efficiency of Microcavity Lasers for 40Gb/s Transmission 
Other than the Cdiff, a microcavity laser can have better performance as long as the 
other extrinsic parasitics are reduced through layout design. To further reduce the 
parasitics, we use bisbenzocyclobutene (BCB) as passivation layer to replace the 
polyimide. Because BCB has lower permittivity and larger thickness than polyimide, it 
can reduce the pad capacitance Cp and improve the transmission line loss. Moreover, the 
top DBR mesa is reduced from 20 µm to 10 µm in diameter. The reduction of top DBR 
mesa can lower the extrinsic series capacitance Ca by four times. Figure 2.5 shows the 
scanning electron microscopic image of a microcavity laser with BCB planarization 
process. The metal 1 interconnect forms the coplanar transmission line to transmit the 
microwave signal into the device. In this device, the oxidation aperture is controlled to be 
less than 2 µm. Shown in Fig 2.6 is the emission spectra of the microcavity laser biased at 
0.28mA. As compared with the previous device, the mode spacing increases from 2.22nm 
to 3.0nm while the current threshold reduces from 0.15 mA to 0.14mA. The side mode 
suppression ratio (SMSR) also increases from 32.5dB to 36.3 dB, which is approaching 
single mode operation.  
 
Figure 2.5 Scanning electron microscopic image of microcavity laser made at UIUC. 
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Figure 2.6 The spectra of the microcavity laser with smaller (10 µm) DBR diameter and BCB 
planarization process.  The bias current is 0.28mA and the SMSR) is 36.3dB. 
 
 
 
 
Figure 2.7 Frequency response of 2 µm microcavity laser at various bias currents I /ITH = 3, 6, and 
10, respectively. At I /ITH = 10, the  -3 dB bandwidth f-3dB = 22.5GHz with resonance peak of 3.5 
dB. 
 
 
 Figure 2.7 shows the optical frequency response of the microcavity laser under 
I/ITH = 3, 6, and 10, which corresponds to 0.42, 0.84, and 1.4 mA, respectively.  The -3-
dB bandwidth increases from 13.9 GHz to 22.5 GHz. As compared with our previous 3-
µm microcavity devices, which have a -3-dB bandwidth of 19.2GHz at 3 mA bias current, 
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the bandwidth increases by more than 3 GHz. Note that there is still a 3.5 dB resonant 
bump at  I/ITH = 10, indicating the bandwidth can be pushed further before the response 
shows overdamping effect. 
 
 For a directly modulated lasers the resonant bump will introduce distortion in the 
time domain output waveform, resulting in overshoot and undershoot to affect the signal 
integrities. To verify the data transmission capability of a microcavity laser, we use 
Agilent 81250 43.2 Gb/s ParBERT signal generator to generate the 20 and 40 Gb/s NRZ 
2
15
 – 1 bit length pseudorandom binary series pattern with 0.5 Vpp ac voltage swing for 
eye diagram measurement. The optical signal is collected by lens fiber and transmitted to 
a New Focus 1414 photodetector with a bandwidth of 25 GHz. An Agilent 86100C 
DCAJ high speed wideband oscilloscope is used to record the eye diagram from the high 
speed photodetector. Figure 2.8 shows the eye diagram at 20 Gb/s and 40 Gb/s data rates 
of the 2-µm aperture VCSEL under 1.5 mA (I/ITH = 10) at 15
o
C. The microcavity laser 
shows an open eye at 20 and 40 Gb/s data rates. Based on eye diagram measurements, we 
can calculate the energy efficiency versus data rate of the microcavity laser. The energy 
efficiency is defined as the data rate transmission with open eye operation divided the 
corresponding power consumption. The energy efficiency for 40Gb/s data transmission is 
measured to be 11.29 Gb/s/mW for the 2-µm microcavity laser, which is 2 times better 
than previous 3-µm microcavity laser. 
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Figure 2.8 Eye diagrams at 20 Gb/s an 40 Gb/s data rates for 2 µm aperture microcavity laser. 
The microcavity laser shows an open eye at 40 Gb/s data rate at bias current I = 1.5mA. 
  
To pass the bit error rate testing, we also measure a device with cavity dimension d0 
= 4.6 m, which gives stronger light output.  Figure 2.9 shows the measured bit error rate 
(BER) of the microcavity laser with the same layout. Error-free transmission, which is 
defined as BER smaller than 10
-12
, is obtained when optical power P > 1.33 mW.  At 
optical power P greater than 1.73 mW, it shows no error for more than 1 hour with total 
acquisition bits greater than 1.5 X 10
14
. With the biased current of 6.5mA and voltage of 
2.65V, the calculated the data/energy efficiency based on the bit error rate measurement 
at 40 Gb/s is 2.32 Tb/J or 431 fJ/Bit.  Compared to previously reported 40 Gb/s error free 
850 nm VCSEL results,
33
 our device shows 2 times better energy/data efficiency.  Note 
that the bandwidth of the photodetector is limited at 25 GHz, so the measurement is 
limited by instruments. By using the photoreceiver with larger bandwidth and better 
impedance matching, we believe the device can achieve bit error rate free operation at 
higher data rate transmission.  
16.8ps
20Gb/s, T = 15oC, IB = 1.5mA, Vpp= 
0.5V,
PRBS15
8.4ps
40Gb/s, T = 15oC, IB = 1.5mA, Vpp= 
0.5V,
PRBS15
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Figure 2.9  Measured BER of the VCSEL device operating at 40Gb/s with PRBS 7 data sequence 
at 20
o
C.  The bias current is I = 6.5mA, and the corresponding voltage swing amplitude is Vpp = 
0.5V. 
 
 In summary, we compare the dc and frequency response of a microcavity laser 
(aperture < 3 μm) and a VCSEL with a large aperture. With decreased aperture size, the 
current threshold is lowered while the optical mode spacing increases. The optical 
frequency response shows a larger bandwidth for a microcavity laser as compared with a 
large aperture VCSEL under the same bias current density, which is attributed to the 
enhanced recombination rate by Purcell effect. With the microwave measurement and 
modeling, the electrical parasitics are identified and extracted. Based on the extracted 
parameters, the new microcavity laser demonstrates the current threshold of 0.14mA and 
a high SMSR of 36.5 dB. The frequency response shows 22.5 GHz bandwidth under bias 
current I = 1.5mA. The 2-µm microcavity laser shows an open 20 and 40 Gb/s eye, 
corresponding to the energy efficiency of 88.5fJ/Bit. With a larger aperture device (do = 
4.6 μm) the device passes the bit error rate free test at optical power > 1.73mW. The 
device shows the data energy efficiency of 431fJ/Bit.   
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3. DEVELOPMENT OF VERTICAL CAVITY TRANSISTOR LASERS 
 
In Chapter 2, we have demonstrated the recombination rate can be enhanced in a 
microcavity lasers by the Purcell effect, leading to the 40Gb/s data transmission with 
energy efficiency > 11.29 Gb/s/mW possible. With further reduction in the recombination 
lifetime, vertical cavity transistor lasers (VCTLs) are predicted to have modulation 
bandwidth over 50GHz. In this chapter, we demonstrate the first VCTLs by inserting the 
InGaP/GaAs heterojunction bipolar transistor structure between the vertically distributed 
Bragg reflectors. In the present work, the VCTL epitaxial layers consist of a typical 
quantum-well HBT structure sandwiched between two DBR mirrors. First, a highly 
reflective bottom DBR mirror consisting of 35 pairs of Al0.12Ga0.88As/Al0.9Ga0.1As is 
grown on a semi-insulating GaAs substrate.  Next, the HBT transistor structure is grown 
with a 500 Å n
+
- GaAs layer serving as the sub-collector, a 1200 Å undoped 
Al0.12Ga0.88As layer as the collector, a 1200 Å p-type Al0.05Ga0.95As base with two 
undoped In0.2Ga0.8As quantum wells, with emission wavelength designed to be 1000 nm, 
and last a 500 Å n-type In0.49Ga0.51P emitter. On top is the DBR mirror with 24 pairs of 
Al0.12Ga0.88As/Al0.9Ga0.1As. Finally, a 500 Å heavily doped n-type GaAs cap is used as an 
emitter contact layer. The cavity is designed for one full standing wave at 975 nm. 
Because the emission wavelength is mismatched with the resonant cavity mode, lower 
temperature tuning is used to achieve laser action. 
3.1 From Microcavity Laser to Vertical Cavity Transistor Laser 
In the first iterative design of VCTLs, the microcavity laser layout is used as the 
reference and the collector metal is put outside, as shown in Fig. 3.1. However, unlike the 
VCSEL structure having both thick n and p contact layers, the base in the transistor laser 
19 
 
is so thin (~126nm) that the current crowding will strongly affect the device performance 
at high base current injection. The current crowding in the base region leads to radiative 
recombination taking place around the periphery of the top DBR mirror. To overlap the 
optical gain with cavity mode in VCTL design, the aperture should be as small as 
possible to get uniform gain distribution within the active region. To reduce extrinsic 
base resistance and increase the overlap between optical gain and cavity mode, the first 
iterative VCTL design targets on shallow oxidation, to reduce base resistance, and small 
active region, to enhance optical gain overlapping. As shown in Fig. 3.1, top contact 
width cannot be larger than the oxidation depth; otherwise, the emission will be blocked 
and absorbed by contact metal. In our design, the emitter metal contact width is 2.3 μm. 
As the result, the minimum oxidation depth should be more than 2.3 μm.  
 
Figure 3.1 The schematic of the VCTL layout. 
 
 The process flow is shown in Figure 3.2. First, the emitter mesa mask is defined 
and transferred to SiN via PR and RIE. The DBR mesa is etched by ICP etching down to 
the last pair. Dilute sulfuric acid wet etching is then proceeded to remove the emitter 
mesa foot created during ICP. The Al0.98Ga0.02As is oxidized with N2+H2O cover gas for 
3.2 μm to get the device aperture less than 6 μm. Next, the emitter, base, and collector 
contact metals are evaporated before BCB planarization. Emitter mesa is then exposed by 
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RIE etch back BCB. The base/collector via is defined by AZ9245 photoresist and etched 
by RIE with CF4/O2 mixture gas. Finally, metal 1 is then evaporated for interconnection.      
 
 
Figure 3.2 The process schematics of first iteration design of VCTL. 
 
   
Figure 3.3 shows the common emitter family curves of devices with 1.2 μm and 
5.6 μm apertures. The 1.2 μm aperture device has a DBR mesa of 5.6 μm in diameter, and 
it shows an offset voltage > 1.1V when base current (IB) is 0.1mA in common-collector 
family curve measurement. On the other hand, the offset voltage is reduced for the device 
with a DBR mesa diameter of 11.6 μm and 5.2 μm in aperture. Note both base current 
injections are less than 1 mA.  The device shows resistive characteristics, and the BE 
diode only has 100 μA at 2V forward bias (not shown here).  
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Figure 3.3. The common collector family curves of devices with 1.2 and 5.2 μm apertures.  
 
The voltage-current relation of a HBT can be described by Ebers-Moll model: 
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where    is the forward current gain, and JES and JCS are the emitter and collector 
saturation currents at VBC=VCE=0, respectively. AE and AC are the dimensions of emitter 
and collector. The voltage ViBE and ViBC in Ebers-Moll model represent the intrinsic 
voltage drop between base-emitter (BE) and base-collector (BC), and ViBE and ViBC 
should be modified as VeBE – IBRB – IERE, and VeBC – IBRB – ICRC, where the VeBE and 
VeBC are the external BE and BC voltage difference, respectively. The offset voltage 
VCE_offset is then solved by letting IC = 0, which is expressed as: 
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where  n1, n2, AE, AC, JES, JCS, and RE, are the ideality factors of emitter/base and 
base/collector junctions, the area of emitter and collector, the emitter and collector 
current densities, and the external emitter resistance, respectively.
34 
The AE/AC ratio 
depends on the device layout and is independent of base current. For simplicity, the 
common emitter offset voltage is proportional to base current times emitter resistance if 
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n1 = n2. In conventional HBT operation, the offset voltage is small since the base current 
injection would not be more than sub-mA. For a transistor laser, on the other hand, the 
beta (IC/IB) is usually low, indicating that the order of emitter current is the same as base 
current. As a consequence, both base and emitter resistances can play important roles on 
offset voltage and the knee voltage. High emitter resistance from a thick DBR mirror 
causes high VCE bias requirement for operation in the forward active region, and it is not 
favorable for high base current injection.    
 In the first iteration VCTL design, we clearly identify the main issues using 
VCSEL layout as VCTL design reference. First, the resistance of the top DBR mirror 
causes very large offset voltage when the device is operating as a transistor. This will not 
only increase the VCE operation voltage but also will lower the speed due to the parasitics.  
Second, the design of the largest emitter contact depends on the oxidation depth. The 
increase of emitter contact requires deeper oxidation in order not to block the light. This 
also sacrifices the external base resistance. Larger base resistance limits the hole 
transportation, especially at high current injection, such that the holes cannot transport to 
the active region and recombine effectively. To overcome these issues, we propose lateral 
feeding with partially etched DBR mirror layout design.   
 
3.2 Vertical Cavity Transistor Laser with Lateral Feeding Configuration 
In light-emitting transistors (LETs), lateral feeding design has shown less 
parasitics and over 7GHz bandwidth.
35
 The extrinsic base resistance can be tailored by 
changing the emitter mesa, and no deep oxidation is required. In the previous layout, we 
find that the lateral feeding design suffers even larger external resistance, since the 
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contact on the emitter mesa is small, and DBR mirror resistance is large.  In order to 
reduce the parasitic resistance in VCTLs, we also adopt lateral feeding configurations to 
bring the base metal close to the cavity region. Shown in Figure 3.4 is the lateral feeding 
VCTL design. Assuming the recombination takes place across emitter mesa to base 
contact, the sheet resistance is then expressed as:  
                (3) 
   
where Rsheet, d, and L are base sheet resistance, the distance between base contact and 
emitter contact, and the emitter width, respectively. By reducing d/L, external resistance 
can be continuously scaled down. In the second iterative design, we keep d at 6 μm and 
vary the emitter width, L, from 6 to 11 μm.   
 
Figure 3.4 Lateral feeding configuration of vertical cavity transistor laser. 
The device fabrication employs seven masking and eight processing steps with an 
inductively coupled plasma (ICP) dry etch, two wet etches, three contact  metal 
evaporations, a via hole opening etch, and a metal interconnect. The SiN pattern on top of 
the transistor structure is defined by photoresist (PR) and reactive ion etching (RIE). The 
SiN pattern then serves as a dry etching mask.  Low pressure inductively coupled plasma 
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(ICP) dry etching is used to form a 4-m-thick DBR (24 pairs) mesa that stops at the 
In0.49Ga0.51P emitter.  The sample is then placed in a 425
o
C furnace with N2+H2O mixing 
gas for shallow oxidation to seal the mesa sidewalls.  The base region is exposed by with 
HCl solution for removing In0.49Ga0.51P, and the base mesa is selectively wet-etched by 
dilute citric acid. The Ti/Pt/Au is deposited by e-beam evaporator for the base metal and 
AuGe/Ni/Au for the emitter and collector metal contacts. The sample is annealed at 
325
o
C to improve ohmic contacts. Shown in Figure 3.5 is the scanning electron 
microscope image of a 9x6 µm
2
 VCTL. The device has a 4 μm DBR emitter mesa with 
smooth sidewalls to reduce scattering.
36
 The lateral base feeding HBT configuration with 
base metal to emitter mesa spacing 1.5 µm reduces the extrinsic base resistance. After the 
depositing the metal contacts, the device is covered with polyimide and cured at 270
 o
C, 
and a via-hole is opened by dry etching with an O2 plasma. Ti/Au is deposited for metal 
interconnect. The crystal is lapped down to 75µm, and Ti/Au is deposited on the back 
side of the device for improving the heat sink. Finally, the sample is mounted onto a 
copper heat sink for measurement.   
 
Figure 3.5 The scanning electron microscope image of the VCTL with etched 4 µm DBR and 9 x 6 
µm
2
 cavity metallized for lateral current operation.
36 
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Because of the off-resonance between the QW emission and the resonant cavity, 
measurements are performed in a cryostat with a Peltier thermo-electrical controller to 
cool and blue-shift the recombination radiation wavelength. The VCTL radiative 
recombination is collected by an optical fiber and detected with an Advantest Q8384 
optical spectrum analyzer. To tune the QW emission correctly, the base-emitter junction 
is biased at 5 mA while varying the temperatures to measure the linewidth of the 
spontaneous emission. The optimum temperature to match the QW recombination 
radiation wavelength with the cavity mode is -75
o
C.     
 
Figure 3.6 Collector I-V characteristics of vertical cavity transistor laser operated at -75
o
C. The 
transistor exhibits gain compression ( decreases from 0.52 to 0.47) due to base recombination 
shifting from spontaneous to stimulated with increasing base current.
36 
     
The transistor laser collector I-V characteristics are shown in Fig. 3.6.
36
 Due to 
the high emitter resistance, the collector IC-VCE characteristics exhibit a large offset in 
voltage VCE. Still, the offset voltage is much smaller as compared with concentric 
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configuration since the maximum base current is biased at 4mA instead of sub-mA. The 
differential current gain β dependence on the base current, IB, is shown in the inset.  The 
transistor laser exhibits a β-gain compression, decreasing from 0.52 to 0.47 owing to the 
base recombination switching from spontaneous to stimulated process when increasing 
base current.
13
 However, the VCTL I-V does not exhibit a sudden β change which is 
commonly observed in an edge-emitting TL. Because of its lack of good photon 
confinement, the VCTL has resulted in both stimulated recombination inside the cavity 
and spontaneous recombination outside the cavity.  
 
Figure 3.7 Spectra of the vertical cavity transistor laser for  IB = 1, 5, and 10 mA with threshold 
current, IB = ITH ~ 3 mA. At 10 mA the recombination radiation exhibits two lasing peaks at 
975.12 and 975.22 nm linewidth Δλ~ 0.7 Å.36 
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Figure 3.8 The VCTL fundamental-mode intensity (solid squares) and linewidth (open squares) 
as a function of base current, IB. The mode intensity increases with IB  > ITH ~3 mA, and linewidth 
decreases to below 0.1 nm.
36 
 
Figure 3.7 shows the VCTL emission spectra at IB = 1, 5, and 10 mA at -75
o
C and 
VCE = 1.5 V, respectively.
36
 Below the current threshold, ITH ~ 3 mA, the spectra exhibit 
multiple emission peaks from 970 to 975 nm, corresponding to different resonant cavity 
modes. For IB > ITH, the fundamental mode increases rapidly with base current injection 
and red-shifts in wavelength due to heating.  At IB = 10 mA, two distinct modes are 
observed near 975 nm. The fundamental mode intensity and emission linewidth as a 
function of base current IB are plotted in Fig. 3.8.
36
 The emission spectral linewidth 
narrows from 0.27 to 0.11 nm as the base current is increased from 1 to 3 mA. The mode 
intensity increases as the base current is increased above lasing threshold, i.e. IB > ITH ~3 
mA, and the linewidth is reduced to 0.073nm at IB = 10 mA. Because of the shallow 
oxidation for current confinement, the emitter electron current shifts to the DBR mesa 
edge, or even beneath oxide layer at high current injection. Thus, there is a loss at the 
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edge as well as beyond the DBR mesa owing to the current crowding effect. Nevertheless, 
the data indicates vertical-cavity TL operation. When the device is subjected to the 
deeper oxidation, the performance degrades due to the radiative recombination shifting to 
beneath the oxide layer where it does not match with the optical mode. 
 
3.3 Voltage Modulation of the Vertical Cavity Transistor Laser via Intra-Cavity 
Photon-Assisted Tunneling 
Carrier transport and recombination in the base region are basic to transistor 
operation. The tilted-charge transport in the base region gives the transistor laser shorter 
carrier lifetime by swiping the slower recombination carriers from the base to the 
collector. Hence, a fast spontaneous recombination lifetime below 25 ps and nearly 
resonant-free 20 GHz optical response has been realized in edge-emitting TLs.
14,18
 Also, 
it is possible with a TL to realize voltage-operated switching and use it also in signal 
mixing and data processing.
37
   A vertical cavity version of the transistor laser is of 
special interest because of its high optical Q and small volume (reduced number of 
modes), thus potentially low threshold current (≤ 3 mA).36   
In this section we demonstrate the voltage modulation of a VCTL via intra-cavity 
photon-assisted tunneling. The VCTL intensity switches from a high-field lasing mode to 
a low-field spontaneous cavity mode via swiping from lower to higher voltage bias VCE. 
The collector current increases at a higher VCE owing to more electrons tunneling at the 
base-collector junction. At the same time, more electrons are supplied from the emitter 
into the base to balance the hole generation owing to the neutrality constraint in the active 
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base region, i.e., IE+IB+IC = 0, thus increasing the electrical gain at the cost of optical 
signal.  
 
 
Figure 3.9. Schematic diagram of voltage modulation of a vertical cavity transistor laser via intra-
cavity photon-assisted tunneling.
38 
 
 The band diagram schematic shown in Fig. 3.9 illustrates the voltage-driven intra-
cavity photon-assisted tunneling (IpaT) in a VCTL.
36
 Emitter electrons injected to the base 
are captured in the InGaAs QW and recombine radiatively with holes injected from the 
base contact or generated internally. The top and bottom distributed Bragg reflectors 
(DBRs) sandwich the HBT structure providing high cavity Q to support stimulated 
recombination. The tilted-charge carrier distribution in the base region promotes fast QW 
recombination, while the slower recombining carriers are swept to the collector as 
transport current (It). At high reverse base-collector voltage, photons inside the cavity can 
be reabsorbed near the junction and create excess electron-hole pairs, and the electrons 
can tunnel through the junction via photon-assisted tunneling. The photon-assisted 
tunneling contributes to additional current (IpaT) which results in increased collector 
current IC = It + IpaT + IrT, where IrT is attributed as the unassisted direct tunneling at the 
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BC junction. The hole recombination in the base is the current IBr. Therefore, base current 
(IB) can be expressed as IB = IBr - IpaT - IrT. Because of the charge neutrality constraint, 
electrons from the emitter are supplied into the base with VBE reduced. Thus both emitter 
current (IE) and collector transport current (It) increase with decreasing VBE. The photon-
assisted tunneling current is proportional to both photon density inside the cavity and the 
bias VBC, resulting in the soft breakdown behavior in the collector IC-VCE characteristics 
at high base current IB and high VCE.
39
  
 
 
Figure 3.10 Scanning electron microscopic image of a VCTL (cavity size in area 11 x 6 μm2). 
The VCTL is passivated with polyimide and is interconnected at emitter, base, and collector with 
metal vias.
38 
 
Figure 3.10 shows a scanning electron microscope image of a VCTL from top 
view. The emitter contact is deposited on the top DBR.
36
 The area labeled as 11 µm x 6 
µm is the active region with holes fed laterally from the base contact. The collector and 
base metal contacts are covered by polyimide and connected to metal pads with metal 
vias.  
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Figure 3.11 (a) The collector output IC-VCE(IB) characteristics of a 11 x 6 µm
2 
VCTL showing the 
device operating at saturation (black), forward-biased active (red), and photon-assisted tunneling 
(blue background). The inset shows the electrical gain (IC/IB) as a function of base current at 
VCE= 4 and 5 V. (b) The optical output L-VCE(IB) characteristics show the emission intensity 
saturated at IB~ 6 mA, VCE = 3 V and starting to “roll off”. The blue background region shows a 
continuous decrease in light intensity due to intra-cavity photon-assisted tunneling occurring at 
the BC junction. 
38
  
 
 Figure 3.11 shows (a) the collector IC-VCE and (b) light L-VCE characteristics of 
the 11 x 6 µm
2
 VCTL with the base current (IB) varying from 0.42 to 14.7 mA.
36
 The 
figure shows in black the TL operating in the saturation region. The VCE offset voltage 
appears at Ic = 0 mA, and increases with increasing IB. The offset voltage and IB 
dependence is attributed to the emitter series resistance. Note that the emitter contact is 
deposited directly on the top DBR, 4 µm above the InGaP emitter, resulting in a large 
resistance, and causing a voltage shift in the collector IC-VCE characteristics. The L-VCE 
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characteristics exhibit an increase in intensity with increasing VCE in the saturation region, 
where the device operates as back-to-back forward-biased diodes. In the forward active 
mode, which is shown in red, the base-collector junction becomes reverse biased, and the 
emission intensity remains constant with VCE. When the base current increases beyond 
6.3 mA, the total optical output gradually saturates and even decreases before the TL 
reaches the forward active mode. Owing to the thin base layer, the extrinsic base 
resistance is large, shifting the base recombination towards the edge or even to the base 
metal contact which causes nonradiative recombination. Although the lasing peak 
intensity continues to increase up to IB = 10 mA, the saturation in total light output 
indicates that the hole carrier transport to the cavity is limited. 
 In the blue region of Fig. 3.11 the IC-VCE and L-VCE characteristics are for bias 
conditions where photon-assisted tunneling becomes evident. The light intensity 
decreases while the collector current increases with increasing VCE bias. The inset of Fig. 
3. 11(a) shows the differential electrical gain β = IC/IB at VCE = 4 and 5 V. Both β’s 
decrease initially from 0 to 3 mA, which corresponds to the reduced carrier lifetime when 
recombination changes from spontaneous to stimulated emission, a typical feature of TL 
gain compression.
1,2
 As the base current IB increases above 4 mA, the β gain starts to 
increase up to ~ 9 mA.  Higher VCE leads to quicker increase in β and is due to collector 
current increasing at the higher base-collector reverse bias (VCE= 5 V compared to 4 V) 
via intra-cavity photon assisted-tunneling.  
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Figure 3.12  Spectra of a VCTL at IB = 1, 4, and 10 mA  and VCE= 3 V, with the two major peaks  
separated by 0.37 nm at IB = 10 mA. The inset shows the extrapolation of L - IB. The threshold 
current is ITH ~ 3.5 mA. For IB > 11 mA the signal level (peak amplitude) intensity saturates.
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Figure 3.12 shows the spectra of the VCTL at base current IB = 1, 4, and 10 mA 
at VCE = 3 V.
36
 At 1 mA the spectra exhibit broad spontaneous emission at 973 nm. When 
IB increases to 4 mA (above ITH= 3.5 mA), four emission peaks start to appear at shorter 
wavelength. At IB = 10 mA two lasing peaks appear with full width half maxima (FWHM) 
below 0.35 Å. The inset of Fig. 3.13 shows the intensity of mode number 2 versus IB.  
Beyond 11 mA the peak intensity saturates. By extrapolation we estimate the threshold 
current as ITH= 3.5 mA. The mode spacing can be determined by solving the Helmholtz 
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equation. From earlier work on microcavity lasers with a rectangular mode shape the 
mode spacing between two adjacent eigen-modes can be expressed as:
19 
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In Equation (4), ko is the wave number, λ,  ̃, and a are emission peak wavelength, 
refractive index, and the cavity length, respectively. Because of the lateral base current, 
most of the recombination occurs at the edge of the 11 x 6 µm
2
 region, where several 
rectangular cavity modes are excited. With refractive index  ̃ ~ 3.3 and the two lasing 
wavelengths, 974.82 and 975.19nm, the cavity lateral length is calculated as 9.3 µm.  
Taking the edge oxidation depth (~0.6µm) into account, we obtain the reduced cavity 
dimensions of 9.8 x 5.4 µm
2
 and find that the two peaks corresponding to two eigen-
modes along the lateral dimension.   
 
Figure 3.13 Spectra of a VCTL operating at constant base current IB = 14 mA with VCE = 1, 3, 
and 6 V, respectively. 
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 Figure 3.13 shows the emission spectra of the TL biased at VCE = 1, 3, and 6 V 
and constant current IB = 14 mA.
36
 When the VCTL is biased at VCE = 1 V in the 
saturation mode of the transistor with both EB and BC junctions in forward bias (similar 
to a diode laser) the emission spectrum occurs at low intensity because some of the base 
holes are swept to the collector. Biased at VCE = 3 V, the transistor laser exhibits two 
laser peaks at 974.82 and 975.19 nm. When the device is biased at VCE = 6 V in the 
transistor active mode, the mode intensity is reduced to half and the peak width increased 
from 0.35 Å to 0.72 Å because of intra-cavity photon-assisted tunneling at the BC 
junction (lower Q for higher photon loss inside the cavity).  The reduction of the lasing 
intensity in the forward active region of the transistor laser demonstrates that the VCTL 
can be used in voltage modulation.   
 To conclude: We fabricated and realized the first surface-emission vertical cavity 
transistor laser. The VCTL collector I-V characteristics exhibit the current gain 
compression unique to a transistor laser with the shift from spontaneous to stimulated 
recombination. From the behavior of the light intensity vs. base current, we determine the 
laser threshold current as ITH ~3 mA, which obviously can be improved.  Above threshold, 
the spectral intensity increases linearly with base current.  Compared to an edge-emitting 
transistor laser of size 400 x 2 μm2, the VCTL’s active region (9 x 6 μm2) is one fifteenth 
the size and the laser threshold is one sixth as high. With further progress in VCTL 
design and processing, the threshold current will be much lower and the device 
performance improved.  We also demonstrate the voltage-driven modulation of a vertical 
cavity TL. The 11 x 6 µm
2
 VCTL at -75
o
C has a current threshold of 3.5 mA and two 
major lasing peaks at 974.823 and 975.19 nm with the TL biased at IB = 10 mA and VCE 
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= 3 V. Intra-cavity photon-assisted tunneling is evident at IB > 8 mA and VCE > 3.5V, 
with the tunneling current (IpaT) leading to increase in the collector current. The 
recombination radiation peaks are reduced to half amplitude and broaden when VCE is 
increased from 3 V to 6 V (the effect of intra-cavity photon-assisted tunneling). Thus, 
voltage modulation of a low current threshold VCTL can be demonstrated. 
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4. OXIDATION CONFINED VERTICAL CAVITY TRANSISTOR LASER 
4.1 Partially Etched with Lateral Oxidation Vertical Cavity Transistor Laser 
In Chapter 3 we demonstrate the first vertical cavity transistor laser operating at   
-75
o
C (due to the detuning between QW emission and the DBR mirrors). Other than 
tuning the QW emission, layout design needs further improvements before realizing the 
VCTL as an energy-efficient transmitter. Even though the offset voltage in common-
collector configuration family characteristics can be reduced by changing the device 
geometries from concentric to lateral-feeding configuration, it is still unfavorable for high 
bias operation. For example, the 9x6 um
2
 VCTL with threshold ~ 3mA requires VCE > 
1.8V to operate at forward active region, and requires VCE > 4V when biased at I/Ith >5. 
One way to reduce the emitter resistance is to partially remove the DBR pairs at emitter 
contact region before evaporating the emitter contact metal.  In order to confirm this 
concept we fabricate lateral-feeding devices with partially etched DBRs for emitter 
contact, as shown in Fig. 4.1. Twenty pairs of DBR are etched away leaving the full 
resonant cavity between emitter contact and base contact, and the devices are only 
shallowly oxidized for 0.5 μm. The 500nm AgGe/Ni/Au emitter contact is deposited and 
alloyed on the partially etched DBR plane. The horizontal dimensions of the top DBR 
mirror are 8x13 μm2. Shown in Fig. 4.2 is the collector ICE-VCE characteristic of the 
lateral-feeding device with partially etched DBRs for emitter contact (in red line) and the 
conventional circular device (in black line). The devices with partially etched DBR 
exhibit smaller offset voltage. Based on Equation 2 in Chapter 3, we estimate the emitter 
resistance reduced from 113Ω (without etching DBR) to 76Ω (with partially etching 
DBR). Most importantly, these two devices show the same electrical gain at the same 
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base current (~ 0.56 at room temperatures), indicating that the partially-etched top DBR 
will not affect the transistor operation.     
 
Figure 4.1 The scanning electron microscopic image of a lateral feeding transistor laser design. 
 
 
 
 
Figure 4.2 The collector I-V characteristics of lateral feeding and circular geometries design 
VCTL.  Reducing the DBR thickness before putting the emitter contact reduces the off-set 
voltage. 
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The device with partially etched top DBRs, on the other hand, shows low resonant 
Q to sustain the lasing action. Figure 4.3 is the radiative emission spectra of an 8x13-μm2 
device with partially etched DBR measured at -75
o
C biased at VCE = 2V and IB = 15 mA. 
The emission spectra exhibits a broad emission superimposed with an enhanced 
spontaneous emission around 978nm. The enhanced spontaneous emission linewidth is 
measured at 0.3nm, and the device does not exhibit evident lasing threshold. Due to lack 
of current confinement, the recombination can also occur at the emitter contact edges or 
even underneath the emitter contact. The recombination emission light near those areas 
suffers large surface scattering losses, and only a small portion of light is confined and 
enhanced in the cavity. The spectra measurement indicates that partially etched DBR for 
VCTL design would not work unless the emitter current can be fully confined within the 
front DBR cavity region.  
 
 
Figure 4.3 The radiative spectra of a 8x13-μm2 device measured at -75oC.  It shows the enhanced 
emission superimposed with broad spontaneous emission. 
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To confine the recombination current in the cavity region, we propose a new 
design of VCTL as shown in Fig. 4.4. This third iterative design offers several merits to 
reduce both emitter and base resistance while reducing the off-resonance recombination. 
The emitter resistance is deposited on a thin emitter cap first. The thin emitter cap can be 
either partially etched DBR away of current VCTL material or just on regular resonant 
cavity light emitting transistor (RCLET). For the RCLET structure, the high Q cavity can 
be formed by post-depositing the dielectric DBR mirror. Then a SiN hard mask is 
covered with the whole emitter mesa with a trench opening to allow oxidation only from 
the trench sidewall. The aperture size then can be controlled by oxidation depth. The 
second major change of the layout is to have the base metal surrounding the cavity region 
to further lower the extrinsic base resistance. Because of lack of oxidation confinement, 
three-sided rounded base contact design is not favorable in the previous design; otherwise, 
the base current will flow directly into the emitter contact rather than through the cavity. 
Reducing emitter and base extrinsic resistance decreases not only the required bias 
voltage but also the heat generation, thus increasing the device reliability. The device 
layout is scalable in terms of parasitic reduction for use as a high speed data transmitter. 
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Figure 4.4 The proposed design schematic of VCTL. Partially etched DBR reduces emitter 
resistance. The three-side base metal reduces base resistance as well as current crowding effect. 
The trench opening is etched by ICP RIE for lateral oxidation confinement.   
 
4.2 Selective Oxidation of Vertical Cavity Transistor Laser with Trench Opening 
In order to first demonstrate the oxidation confinement of VCTL, we use previous 
material and skipped the partially etch process step for reducing the process complexity, 
and only trench opening is employed. The process steps are described as follow: First, the 
SiN mask is defined by PR lithography and RIE. The first ICP dry etching is employed to 
etch top DBR pairs and stop at In0.49Ga0.51P. After dry etching, the exposed AlGaAs 
sidewall is then shallowly oxidized for the protection from later HCl solution etching. 
The second (~300nm) SiN layer is deposited to seal the sidewall from later oxidation 
process. The trench is defined and opened by second ICP etching to etch through the 
aperture layer. The sample is then quickly transferred to the furnace for a 15-minute 
lateral oxidation. After finishing the emitter, base, and collector metallization, polyimide 
is spin-coated on and cured at 270
o
C for 1 hour. Via opening is done by an oxygen 
plasma etch and is connected by evaporating 1 μm Ti/Au as metal interconnect.  
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Figure 4.5(i) shows the schematic of the oxide-confined VCTL, and Figure 4.5 (ii) 
shows the optical microscopic image of the completed device.
40
 The un-thinned sample is 
directly mounted onto the copper holder with a Peltier thermo-electrical controller in a 
cryostat, and the radiative emission is collected by a lensed fiber.  The lateral oxidation 
from trench confines the device aperture to 7.5 x 6.5 µm
2
 (shown as the yellow 
rectangular region) on the left of the emitter contact. The aperture dimensions are 
estimated by the mode spacing of the lasing spectrum, which will be discussed later.  The 
aluminum oxide underneath the emitter contact forces carriers to recombine at the front 
DBR cavity and eliminates the unwanted recombination underneath the emitter contact.  
Due to the sealing of the top DBR mesa, the distance from the base metal to the oxide-
confined aperture is less than 2 µm. In addition, rather than the lateral-feeding 
configuration in previous design, the base metal surrounds the DBR mesa to reduce the 
extrinsic base resistance, thus reducing the current crowding effect at high bias current.  
These merits enable the VCTL device to operate with a lower threshold base current and 
higher recombination efficiency.  
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Figure 4.5 (i) The schematic of selective oxidation confined high “Q” vertical cavity transistor 
laser (VCTL). The emitter metal (EM) is evaporated on top of the DBRs, and the trench is opened 
behind EM for lateral oxidation underneath the EM for current and optical mode confinements. 
The base metal (BM) surrounds the cavity with BM-to-cavity distance less than 2 μm. The optical 
microscopic image (ii) shows the VCTL device with the oxidation confined aperture of 6.5 x 7.5 
μm2 (yellow box). 40 
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Figure 4.6 (i) Collector output  IC – VCE and (ii) optical output L – VCE characteristics of a 6.5 x 
7.5 µm
2
 aperture VCTL operating at -80
o
C.  The laser threshold current is ITH = 1.6mA (blue line).  
From IB < ITH to IB > ITH, the device shifts from spontaneous to coherent stimulated recombination 
process in the base. 
40
   
 
 Figure 4.6 shows the measured (i) collector output IC - VCE and (ii) the 
corresponding optical output L-VCE characteristics of the VCTL device with a 7.5 x 6.5 
µm
2
 aperture.
40
  Due to the mismatch between the quantum well emission peaks and the 
resonant cavity optical modes, the measurement is taken under – 80 0C to align and 
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maximize the resonant emission. The IC - VCE characteristics show a larger offset voltage, 
and it increases with increasing base current.  It is due to the large emitter resistance from 
the top DBR mirror, which causes the extra voltage drop between the emitter contact and 
the InGaP emitter layer.  The curves shown in black indicate that the VCTL operates in 
the spontaneous emission region.  The total emission power is below 2 µW at IB = 1.5 
mA. When base current (IB) is increased to 1.6 mA (the blue curve), the emission 
intensity exhibits a huge jump and the VCTL switches to coherent stimulated emission as 
shown in the red curves.  The total emission power increases from 2 µW to over 150 µW 
when bias current IB is increased from 1.6 mA to 3 mA.  From the L-VCE characteristics, 
the lasing operation starts at VCE > 2V and IB > 1.6 mA. Together with the IC - VCE 
characteristics, they indicate that the device can generate stimulated emission not only in 
saturation mode, i.e., both emitter-base (EB) and base-collector (BC) junctions are 
forward biased, but also in forward- active mode, i.e., the EB junction is forward biased 
while the BC junction is reverse biased. The forward-active operation shows that our 
VCTL can operate with tilted-charge configuration and reduced carrier lifetime.  
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Figure 4.7 The optical output (L – VCE) characteristics near the threshold current reveal detailed 
recombination process.  A great enhancement of light intensity is demonstrated as the high-Q 
vertical cavity transistor switches from spontaneous to coherent stimulated operation. The inset 
shows the optical output (L- IB) characteristics at VCE = 4V. The emission intensity takes off at 
ITH = 1.6mA.  For IB < ITH, the spontaneous emission intensity is less than 2 μW.  At IB = 3 mA (> 
ITH), the coherent stimulated emission intensity exceeds 150 μW.
40 
 
 Figure 4.7 shows the details of the L - VCE characteristics near the current 
threshold ITH = 1.6 mA.
40
 Below the current threshold, the spontaneous emission intensity 
increases slowly with increasing base current. The total emission power is below 2 µW at 
IB = 1.5 mA from spontaneous emission process. Hence, the differential optical gain is 
1.3 µW/mA. On the other hand, a great enhancement is demonstrated when the bias 
current IB is increased from 1.6mA to 1.7mA due to the coherent stimulated emission 
process.  The emission power is 14 µW at IB = 1.7 mA.  Thus, the differential stimulated 
optical gain is 110 µW/mA.  Since our lensed fiber’s coupling efficiency is about 50%, 
the actual differential optical gain should be greater than 220 µW/mA.  The inset shows 
the L-IB plot at VCE = 4V.  Similar to a diode laser, the emission intensity takes off with 
different slopes when base current is larger than 1.6mA.  In the presence of laser 
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operation, the photon-assisted tunneling occurs at the reverse-biased BC junction.
14
 As 
the BC junction reverse bias voltage increases, the photon–assisted tunneling increases 
and reduces laser emission intensity, which indicates the voltage modulation capability of 
the VCTL device. 
 
Figure 4.8   Radiative recombination spectra of the VCTL with the oxide aperture dimensions of 
6.5 x 7.5μm2 biased at IB = 1 and 2mA.  For IB < ITH, the spontaneous emission shows three broad 
emission peaks around 972 nm.  At IB > ITH, the fundamental mode at 973.6nm dominates. The 
inset shows the lasing spectrum in log scale. It shows the multimode emission with a side mode 
suppression ratio (SMSR) of 27.6dB.  
40 
 
 Figure 4.8 shows the radiative emission spectra of the VCTL at IB = 1 and 2 mA 
at VCE = 4 V.  To clearly observe the characteristics of the spectra, the spontaneous 
emission intensity is magnified 100 times to compare with the stimulated emission 
spectrum. At IB = 1 mA, the spectrum shows a broad spontaneous emission with three 
distinct cavity modes around 972 nm. At IB = 2 mA, the fundamental cavity mode 
becomes dominant.  From the corresponding optical spectrum in log scale, the side mode 
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suppression ratio (SMSR) is 27.6 dB.  The first three emission peaks locate at 973.612, 
973.059, and 972.832 nm, which respectively correspond to the fundamental mode, and 
the two first order side modes.  For a rough estimation, we approximate a rectangular 
aperture’s profile and assume the lateral optical field is confined inside the boundaries.  
Following the similar analysis for microcavity lasers,
 
we estimate the aperture 
dimensions to be 6.5 x 7.5 µm
2
.  
To demonstrate the scalability of the VCTL, we compared the device with two 
different aperture dimensions. Figure 4.9 shows (i) IC -VCE and (ii) L-VCE characteristics 
of the VCTLs with 6.4 x 7.4 µm
2
 and 4.5 x 5.4 µm
2
 oxide apertures.
41
 The optical 
aperture size is determined from the measured laser mode spacing.  The large collector 
offset voltage appearing in IC - VCE is mainly attributed to the large emitter resistance. 
With a smaller aperture, the device’s voltage offset versus current span is larger.   
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Figure 4.9 (i) The L-VCE and (ii) the IC-VCE characteristics of a 6.4 x 7.4 um
2
 and a 4.5 x 5.4 
um
2
 oxidation confined VCTL, respectively. Bias base current is applied from 0 to 3mA. The 
measured threshold base current is 1.28 and 1.54mA for the 6.4 x 7.4 um
2
 and 4.5 x 5.4 
um
2 
devices, respectively.
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From equation (2), the second term of the offset voltage can be attributed to the ratio 
between collector saturation current and emitter saturation current. This term represents a 
constant offset and depends on the device layout design. On the other hand, the first term 
in equation (2) indicates that the offset voltage shifts when increasing the base current. In 
HBT operation, the β is large (~ 100) and the base current injection is small so that the 
offset is not obvious. In a TL, because of the low β (~1), the base current can be 100 
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times that of a conventional HBT, resulting in a large offset. From the eq. (2) we can 
extract the emitter resistance of 6.4 x 7.4 µm
2
 and 4.5 x 5.4 µm
2
 oxide apertures to be 533 
and 785 ohm, respectively. The aperture area of the larger device is 1.94 times that of the 
smaller device. However, the resistance does not follow the scaling rule due to the large 
DBR mirror resistance in series with emitter junction resistance. When base current (IB) 
is increased to threshold (indicated in the thicker lines in IC - VCE characteristics), the 
VCTL switches from incoherent spontaneous emission to coherent stimulated emission. 
From L-VCE the maximum optical emission intensity is ~ 2.3 µW below the current 
threshold and goes beyond hundreds of µW after switching to stimulated emission. From 
the IC - VCE and L - VCE characteristics, the VCTL can generate stimulated emission in 
both saturation region and forward-active region. It can be observed from L - VCE 
characteristics that as long as the bias base current is above threshold, the stimulated 
emission occurs when VCE is larger than a certain value. For example, the stimulated 
emission occurs when IB > 1.3mA and only when VCE > 1.77 V for the larger device. 
This indicates that not all the base current injection contributes to useful recombination. 
In saturation region, both BC and BE junction are forward biased. Due to the base-
collector homojunction, the carrier recombination is not well confined. The holes 
transport from p
+
 base region to n
-
 collector and recombine with electrons injected from 
n
+
 sub-collector. This recombination does not occur in the quantum wells and cannot 
contribute to optical modes. On the other hand, the holes can only recombine with 
electrons from emitter in the base region since the BE junction is InGaP/GaAs 
heterojunction, and the holes are well confined due to the band discontinuity. In other 
words, once the InGaP emitter supplies enough electrons, it can trigger the lasing action. 
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Since the emitter current is controlled by base-emitter voltage (VBE), and VCE is the 
combination of VCB and VBE, this explains why stimulated emission occurs at roughly the 
same VCE. When the emitter supplies enough electrons for optical gain to balance the 
total loss, further increasing VCE increases the stimulated emission output because the 
VBE increases and more electrons are supplied from the emitter. When the device operates 
in forward-active mode, the emitter current is clamped, i.e. VBE is fixed at a given base 
current, and the stimulated emission intensity does not increase when further increasing 
VCE. This indicates that the electron supply is critical for lasing process in transistor 
lasers. In a transistor laser, the L-VCE characteristics show a similar function as a field 
effect transistor’s (FET) family curve of drain current (ID) vs. drain voltage (VD) at 
different gate voltage (VG). When the applied gate voltage VG is greater than threshold, 
the channel is formed and the drain current from source is allowed. In the case of a 
transistor laser, the laser output draws a resemblance by requiring a threshold base 
current and a threshold VBE to have enough carriers injected into the active region, and 
once VCE is above the knee voltage, i.e., the transistor is biased in forward-active mode, 
the laser output intensity saturates. This pinching effect also appears in a FET’s ID as the 
drain voltage increases beyond the knee voltage, which is determined by the carrier 
density slope in the base. This resemblance shows that a TL has optical switching 
capability and the potential to function in an optical logic circuit. 
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Figure 4.10 (i) The electrical current gain β of the VCTL with a 6.4 x 7.4 um2 aperture as a 
function of base current at 20 and -90 
o
C. At -90
o
C, the electrical gain shows a decreasing trend 
with increasing base current, indicating reduction of radiative recombination lifetime, spectrum 
narrowing and lasing. (ii) The emission spectra of the VCTL at -90C below threshold and 20C, to 
ensure the transistor is operating in forward-active mode, VCE is set at 3.5V. The spectrum at -
90
o
C shows narrowing, 0.18 nm, as compared with the spectrum taken at 20
o
C, 1.41 nm.
41 
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In a transistor laser, when it shifts from incoherent spontaneous to coherent 
stimulated recombination, the recombination rate increases, and thus the electrical current 
gain beta, β=ΔIC/ΔIB, reduces. This phenomenon has been observed in the common-
collector I-V characteristics of an edge-emitting transistor laser, so called beta 
compression. In an edge-emitting transistor laser, the cavity Q is low because the cleaved 
semiconductor facets only provide ~ 30% reflection. The total recombination lifetime 
does not change until a specific longitudinal mode is locked into stimulated emission. 
The edge-emitting TL shows two distinct regions in the family curve. Figure 4.10(i) 
shows the beta gain as a function of base current at -90
o
C (shown in red). In contrast to 
an edge-emitting TL, the beta shows a gradual decrease before stimulated emission 
dominates. Since the VCTL has a low DBR mirror loss (< 0.5%), and a small cavity 
length, the spontaneous emission in the VCTL cavity before lasing has been enhanced by 
resonant-cavity effect. Rather than a broad spontaneous emission in a low “Q” cavity 
edge-emitting TL, the enhanced spontaneous emission in VCTL exhibits distinct high “Q” 
cavity modes with emission width FWHM ~ 0.18 nm (shown in Fig. 4.10 (ii)), revealing 
that the gain is enhanced. With increasing base current, the emission spectrum exhibits 
narrowing first due to more and more stimulated recombination taking place in the cavity 
mode, and finally the stimulated emission dominates to become an optical oscillator.  The 
beta gain with different base current at room temperature is also shown in black for 
comparison. Because the resonant wavelength of the cavity detunes from the spontaneous 
emission, the spontaneous emission becomes broad, and no emission narrowing is 
observed. Even though the spontaneous emission is still narrower (~ 1.41 nm, shown in 
Fig. 4.9(ii)) as compared with an edge-emitting TL, the short cavity length and large 
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mirror loss cannot sustain sufficient optical gain to overcome the round-trip loss at room 
temperature. In this case the device operates as a resonant-cavity light-emitting transistor. 
The beta gain exhibits continuous increase, an evidence that stimulated emission does not 
occur at room temperatures. The optical spectrum and the electrical gain show that the 
quantum-well emission does not lie in the cavity reflectivity spectrum maximum, and 
thus only the resonant-cavity effect is observed, but not laser action. 
 
Figure 4.11 The emission spectra of VCTLs with 6.4 x 7.4 um
2
 and 4.5 x 5.4 um
2 
oxide apertures 
biased at IB= 1.8, 2.4, and 3.6 mA, respectively.
41 
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Figure 4.11 shows the laser emission spectra of both VCTLs under 1.8, 2.4, and 
3.6 mA bias base current.
41
 To ensure the devices operating in forward-active mode, VCE 
bias is set to 3.5V and 4V respectively for the larger and the smaller devices based on 
collector I-V and light output L-V characteristics in Fig. 4.8. As increasing the base 
current, the emission peak shifts to longer wavelength. The mode spacing is measured as 
0.57 nm and 1.02 nm for large and small cavity devices. According to our cavity mode 
analysis for VCSEL, we estimate the cavity dimension as 6.4 x 7.4 µm
2
 and 4.5 x 5.4 
µm
2
. Figure 4.12 shows SMSRs of the two VCTLs, the SMSR maxima are 37 dB and 29 
dB for the smaller and the larger devices as expected.
41
 With a smaller aperture, fewer 
modes lie in the gain profile of the cavity, so SMSR and mode spacing are larger. With 
larger SMSR and less higher-order emission, the injected electrical carriers contribute 
mainly to the fundamental-mode emission in a smaller device. At low bias base current, 
most of the recombination falls into the fundamental mode, thus the SMSR increases.  At 
higher bias base current, I/Ith greater than 2 for the larger device and 1.75 for the smaller 
device, SMSRs degrade owing to the saturation of the ground-state emission.  For the 
VCTL with a larger aperture, SMSR increases much more slowly and decreases more 
drastically as compared with a VCTL with a smaller aperture because more high-order 
resonant modes are enhanced in the cavity, and thus those high-order modes have a larger 
impact on the VCTL’s spectral purity.  
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Figure 4.12 The side-mode suppression ratio (SMSR) of the 2 devices. The SMSR maxima are 37 
and 29 dB for 6.4 x 7.4 um
2
and 4.5 x 5.4 um
2 
devices, respectively.
41 
 
Figure 4.13 shows the shift of emission peak of the VCTLs with different bias 
base current.
41
  The solid circles and squares are the measured data, and the dashed lines 
are the fitted lines. The larger and smaller devices show 0.68 and 0.97 nm/mA shift with 
bias base current.  As the base bias current increases, the emission peak exhibits a red 
shift due to the excessive heat generated at the junction with increasing bias base current. 
As shown, the device with a smaller aperture shows a larger slope, i.e. greater sensitivity 
to bias current change, because a smaller aperture leads to larger series resistance, and 
thus more heat is generated with the same bias base current. Compared with a regular 
oxide-confined VCSEL, which shows the shifting of 0.49 nm/mA, the oxide-confined 
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VCTLs show a larger emission peak shift with bias base current variation due to larger 
extrinsic base and emitter resistance.
11 
 
Figure 4.13 The shift of emission peak with different bias base current of the VCTLs.  The solid 
circles and squares are the measured data points, and the dashed lines are fitted relationship. As 
the bias base current increases the emission shows a red-shift due to internal junction heating. The 
shifts are 0.68 and 0.97 nm/mA for the 6.4 x 7.4 m2 and the 4.5 x 5.4 m2  VCTLs.41 
 
Figure 4.14 shows the L-IB characteristics of the oxide-confined VCTL from  
-90
º
C to -45
º
C. From the L-IB characteristics, base threshold current increases from 1.28 
mA at -90
º
C to 2.54mA at -50
º
C. As the temperature rises, the quantum-well emission 
shifts away from the maximum of reflectivity spectrum of the cavity. The reflectivity 
spectrum of a cavity is less sensitive to temperature variation as compared with the 
emission of quantum wells. The more severe the mismatch, the higher the base threshold 
current required to sustain the enhanced optical mode for laser operation. At -45
º
C, the 
VCTL barely shows a clear switch of optical output from spontaneous to stimulated 
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emission at 3mA. The inset shows the threshold base current as a function of the ambient 
temperature of VCTLs during measurement with different aperture dimensions. The 
circles and the squares are the measured threshold, and the dashed curves are the fitted 
curve for characteristic temperature (To) extraction.  
 
Figure 4.14. L-IB characteristics of the VCTL with a 6.4 x 7.4 um
2
 aperture under different 
ambient temperatures, from -90 ºC to -45 ºC.  The inset shows the shift of threshold base current 
for the 2 VCTLs. The threshold current exhibits an exponential increase with increasing 
temperature.
41 
 
The threshold current for the VCTL with a 6.4x7.4µm
2 
aperture increases from 
1.28mA to 3.4mA when temperature is raised from -90
º
C to -45
º
C. And the smaller 
device’s threshold varies from 1.54mA to 2.68mA when temperature is increased from    
-90
 º
C to -60
 º
C. Above -60
º
C, the optical gain can no longer overcome the total loss for 
59 
 
laser operation. To of smaller and larger devices are extracted as 5K and 9K, respectively. 
It is much lower than To in a conventional VCSEL, which is usually at ~ 70K.
11
 This is 
because the device is operating at the frequency-detuning region, causing the threshold 
variation to be much more drastic. In our VCTLs, the smaller device shows larger mode 
spacing and higher SMSR. However, this is contradicted by the oxidation-confined 
VCSELs, in which the current threshold tends to decrease when an aperture is smaller; 
the smaller VCTL has larger threshold and less light output. This is mainly due to the 
DBR sidewall scattering effect. In our VCTL design, three sides of the cavity are only 
shallowly oxidized for sealing the AlGaAs sidewall. It allows the base metal to be very 
close to the active region for reducing extrinsic resistance. However, it also indicates that 
the recombination occurs very close the DBR sidewall. The rough sidewall reduces the 
cavity Q. Assume the Q along the peripheral of the device is low, then the small device 
only has a small portion of high Q cavity at the center for sustaining stimulated emission.  
In other words, the sidewall oxidation process is the trade-off between the cavity Q and 
extrinsic base resistance.    
In conclusion, the InGaAs-GaAs VCTL material design and device layout are 
discussed. The light-emitting transistor structure is designed for one wavelength long and 
sandwiched by top and bottom DBR mirrors to form a vertical cavity. Combined with 
lateral feeding layout and trench oxidation confinement, we demonstrate the scaling 
effect and the temperature dependence of the VCTLs. The VCTLs with 4.5 x 5.4 µm
2
 and 
6.4 x 7.4 µm
2 
apertures show low threshold of 1.54 and 1.28 mA, respectively. The 
smaller device has a larger threshold because more scattering of light occurs at the top 
DBR sidewall during light extraction. However, a smaller aperture allows fewer cavity 
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modes, so the emission spectrum shows larger mode spacing and a superior SMSR, as 
high as 37 dB. As the bias base current increases, the emission peaks of the VCTLs 
exhibit red-shift due to the increased junction temperature. The smaller device shows a 
0.97 nm/mA shift compared with a larger device’s shift of 0.68 nm/mA due to larger 
resistance from smaller dimensions.  Because of the misalignment between the quantum-
well emission and the cavity optical modes, the laser operation can only be observed in 
low temperatures. As the temperature increases from -90
º
C, the laser output intensity 
decreases because the quantum-well emission deviates from the cavity modes. From the 
electrical current gain as a function of bias base current at -90
ºC, β shows compression as 
the optical output moves from incoherent spontaneous emission to stimulated emission. 
On the other hand, β at 20ºC does not exhibit compression because the round-trip gain 
cannot overcome the cavity loss.  
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5.  CONCLUSION AND FUTURE WORK 
In this research, we developed and improved the microcavity laser with reduced 
carrier lifetime for data/energy-efficient optical interconnect application. Via controlling 
the oxidation depth, the reduced aperture dimension smaller than 3 μm in a microcavity 
VCSEL shows the Purcell enhancement of 2. Via extracting the device parameters with 
microwave measurement, we identify the extrinsic parasitics by fitting S11 and S21 curves. 
Further reducing those parasitics with improved layout and process design, we achieve 40 
Gb/s error-free operation with a 4.6 μm aperture VCSEL biased at ITH = 6.5 mA. To date, 
this microcavity laser is the first VCSEL achieving 40 Gb/s data transmission in the U.S.  
We also propose and realize the vertical cavity transistor laser (VCTL) operating 
at -75
o
C. We fabricate and compare the device with three different layouts and finally 
come out of the lateral oxidation with a trench opening design. The layout and process 
designs enable the VCTL to reduce the base extrinsic resistance while cutting off the base 
recombination beneath the emitter metal. With improved optical and electrical 
confinement, the lowest base current threshold of VCTL we achieve so far is 1.3mA. The 
DC analysis shows that the optical mode spacing increases as the aperture is reduced. The 
current threshold, on the other hand, increases accordingly. This implies more work 
should be done to improve the cavity Q when continuing to scale down the device 
aperture. 
In the microcavity laser, more work should be done to improve the material 
structure design and layout design. Currently, the microcavity laser bandwidth is limited 
by the junction resistance and mirror resistance. One possible way to reduce the junction 
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resistance is to reduce the cavity length from one wavelength to a half wavelength. This 
will not only reduce the carrier transport length, but also give better optical confinement 
to enhance the recombination. The DBR mirror resistance can be reduced by the partial 
etch process. With improved high speed layout, we believe the microcavity laser can 
achieve bandwidth over 27GHz. 
For the VCTL, the QW emission is misaligned with cavity resonant frequency. 
More fine tuning of the cavity structure should be done in order to realize room 
temperature operation. Besides the material design, emitter resistance is still the main 
issue for achieving low power operation. Again, the partially etched DBR mirror can 
reduce the emitter resistance without damaging the transistor. On the other hand, the post 
mirror deposition on the resonant cavity light-emitting transistor might also solve the 
emitter resistance issue. Finally, the emitter sidewall etching and relative sidewall 
oxidation depth should be carefully optimized to achieve sub-mA current threshold 
VCTL.  
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